The amyloid precursor protein (APP) is strongly implicated in the pathogenesis of Alzheimer disease. Results: The loss of Fbxo2, a brain-enriched substrate adaptor for ubiquitin ligases, leads to increased neuronal APP levels and processing. Conclusion: Fbxo2 regulates APP levels in a brain region-specific manner. Significance: These findings suggest a novel mechanism for ubiquitin-mediated regulation of amyloid-␤ production.
memory and cognitive abilities through complex mechanisms that remain unclear. Abnormalities in the processing of amyloid precursor protein (APP) are thought to play a central role in AD pathogenesis (1) , largely based on the fact that mutations in APP and the APP cleavage enzyme ␥ secretase cause earlyonset familial AD and replicate key disease features in animal models, including the accumulation of amyloid-␤ (A␤) peptide (2) . Generated from proteolytic processing of APP (3), A␤ is the major component of the characteristic amyloid plaques that accumulate in AD. A␤ has also been shown to alter synaptic function and decrease synapse numbers (4) . Indeed, the loss of synaptic connections more closely correlates with cognitive deficits observed in AD patients than does the loss of neurons and cortical thinning observed later in AD (5) .
The regulation of APP expression and processing is critically important to the development and progression of AD. APP is sequentially cleaved by a series of secretase enzymes through a complex process linked to neuronal metabolism and activity (6) . Factors that increase the amount of APP available for cleavage inversely correlate with the age of onset of dementia and AD-like pathology (7) . For example, patients with trisomy 21, a triplication of the chromosome harboring the APP gene, develop early onset dementia with characteristic AD pathology, which is not observed in patients with partial trisomy, excluding the APP gene (8) . Genetic studies in animal models further support the notion that increased APP expression or processing, either through gene duplication or mutation, can lead to early onset dementia with AD-like pathologies (9) .
The correlation of APP levels and APP processing to AD pathogenesis underscores the importance of understanding how neurons regulate APP levels and subcellular localization. The importance of APP, moreover, extends beyond its disease link: APP also plays numerous roles in neuronal function and development. Synapse formation and localization, maintenance of dendritic spines, neurite outgrowth, synaptic plasticity, and neuronal survival are all influenced by APP (10 -14) . Cleavage of APP is regulated by neuronal activity, and its cleavage products in turn seem to regulate neuronal activity, although the precise function of this feedback remains uncertain (15) .
The current study seeks to define pathways that regulate APP levels in neurons, focusing on Fbxo2, a brain-enriched, ubiqui-tin ligase adaptor subunit that specifically recognizes glycoproteins containing high mannose glycans (16) . As a type 1 transmembrane glycoprotein, APP is synthesized in the cytoplasm and translocated into the endoplasmic reticulum (ER) where it achieves native folding and becomes glycosylated. Properly folded and glycosylated APP then transits from the ER to the Golgi apparatus for further modification and is eventually delivered to the plasma membrane. APP is known to undergo rapid and constant bulk turnover (17) ; the extensive, newly synthesized APP that is continually produced by neurons must be appropriately governed for protein quality control purposes. ER-associated-degradation (ERAD) is a normal cellular process by which uncomplexed or improperly modified proteins are removed from the ER and degraded by the ubiquitin proteasome system. The ERAD ubiquitin ligase HRD1 has already been shown to play a role in clearing mutant or misfolded APP from the ER (18) . Knocking down this ligase increases APP levels and promotes A␤ generation. Whether HRD1 is the only ubiquitin ligase that mediates APP clearance from the ER remains uncertain.
For several reasons, Fbxo2 is an attractive candidate to contribute to APP clearance. First, it is a neuron-enriched ubiquitin ligase substrate adaptor protein that binds glycoproteins containing high mannose N-linked glycans and facilitates their degradation through ERAD (19) . Second, Fbxo2 was recently shown to decrease levels of the ␤ secretase enzyme, BACE1, which is essential for A␤ generation, in an N-linked glycan-dependent manner (20) . Overexpression of Fbxo2 resulted in decreased BACE1 levels, in turn diminishing A␤ production. And third, levels of Fbxo2 are decreased in AD patient brains, raising the intriguing possibility that age-related reduction in Fbxo2 levels might accelerate the amyloid process (20) .
Although substrate specificity is conferred by ubiquitin ligases and their adaptors, an individual ligase can have numerous substrates. Here, using cell based studies and Fbxo2 knockout (Fbxo2 Ϫ/Ϫ ) mice, we show that Fbxo2 also regulates additional glycoproteins beyond BACE1 in the amyloid precursor pathway, specifically APP itself and the ␣ secretase enzyme, ADAM10. Our results suggest that the loss of Fbxo2 results in dysregulation of glycoprotein homeostasis in neurons with implications for APP processing.
EXPERIMENTAL PROCEDURES
Animals-Fbxo2 Ϫ/Ϫ mice were previously generated through targeted deletion of the first five of six exons encoding Fbxo2. These mice were backcrossed to a C57BL/6J background and exhibited no abnormalities in brain size, weight, development, or adult gross brain structure, although they developed cochlear degeneration (21) .
DNA Constructs, HEK Cell Culture, and Lysate Preparation-HEK-293 cells were cultured and maintained as described previously (22) . For expression in HEK-293 cells, constructs for full-length APP (produced by D. Selkoe, Addgene plasmid 30154), Myc-Adam10 (produced by R. Derynck, Addgene plasmid 31717), BACE1 (Origene, clone SC115547) or Fbxo2 (gift of K. Glenn, University of Iowa) were transfected with Lipofectamine 2000 (Invitrogen) as per the manufacturer's directions. 48 h after transfection, cells were collected in hot dena-turing lysis buffer containing 2% SDS and 100 mM DTT. Lysates were boiled for 5 min, centrifuged, and loaded onto 4 -15 or 4 -20% gradient SDS-PAGE gels (Bio-Rad).
Brain Extraction/Lysis-For Western blot experiments, animals were anesthetized with ketamine/xylazine and cardiac perfused with prewarmed PBS. Mice were then decapitated, and their brains were removed. When required, hippocampi were rapidly dissected under a dissecting microscope. Tissues were then lysed in hot SDS (2%) lysis buffer with 100 mM DTT in a dounce homogenizer, centrifuged, and boiled for 5 min. Protein concentrations were determined using a quantification kit (Macerey-Nagel, Duren, Germany), and equal amounts were loaded and run on 4 -15 or 4 -20% SDS-PAGE gels. For ELISA experiments, brains or hippocampi were lysed in cold radioimmune precipitation assay buffer with protease and phosphatase inhibitors (Roche Applied Science) in a dounce homogenizer, centrifuged, and kept on ice for immediate analysis.
Western Blotting-Proteins were immunoblotted using antibodies against APP (22C11, Millipore) or its C-terminal fragments (polyclonal anti-APP cytoplasmic domain G369 antibody, a gift from S. Gandy), Fbxo2 (a gift from K. Glenn, University of Iowa, directed against an amino-terminal domain of Fbxo2), Myc (Santa Cruz Biotechnology), BACE1 (gift from R. Vassar), transferrin receptor (Invitrogen), caspase-3 (Cell Signaling), or GAPDH (Millipore).
ELISAs-Radioimmune precipitation assay buffer-homogenized lysates and collected media were analyzed using ELISA kits according to the manufacturer's instruction. For brain tissue, A␤42 (high sensitivity, Wako) and sAPP␣ (IBL) kits were used. For collected media from neurons, sAPP␣ (IBL), A␤40 (Invitrogen), and A␤42 (Novex/Invitrogen) were used.
Immunohistochemistry of Frozen Brain Sections-Briefly, mice were processed as for brain extraction but were perfused with 4% paraformaldehyde in PBS following the PBS flush. Upon removal, brains were post-fixed, rinsed, and cryopreserved. Once frozen, they were cut into 12-micron sections and preserved at Ϫ80°C until use. Alexa Fluor 488 (Invitrogen) was used to visualize 22C11 staining and sections were imaged on a Nikon A1 confocal microscope. All lower intensity images were collected at the same laser, offset, and detection intensity regardless of brain region. Higher intensity images were generated by increasing the brightness equally for all pixels in all images in Fiji Image J software. Z-stack images were collected through equal stack dimensions. Images were cropped using Photoshop CS3 (Adobe). Heat maps were generated in Fiji Image J with the Rainbow RGB lookup table. The CA1 region of hippocampus and the portion of visual cortex (V1/V2) directly lateral and superior to CA1 were imaged. Three mice at the 6 month time point were used for imaging.
Acute Slice Biotinylation-Surface levels of proteins were compared with total amounts as described previously (23) . Briefly, mice were anesthetized, and their brains were removed. Hippocampi were rapidly dissected in ice cold, oxygenated artificial cerebrospinal fluid. 350-m slices were then cut using a MacIlwain Tissue Chopper, and alternating sections from both hippocampi were placed into cold, oxygenated artificial cerebrospinal fluid with or without EZ-Link Sulfo-NHS-LC-biotin (Pierce). After 45 min, slices were washed in artificial cerebro-spinal fluid, and any unbound biotin was quenched by incubating the slices in lysine. Following additional washes, the nonbiotinylated slices were homogenized in SDS (2%) lysis buffer with 100 mM DTT using a dounce homogenizer. Lysates were then boiled and centrifuged and retained at Ϫ80°C as the "total" fraction. Slices with biotin were lysed in buffer containing 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 50 mM NaCl, 20 mM Tris, pH 7.5, with protease inhibitors (Roche Applied Science) in a glass homogenizer. Biotinylated proteins were then precipitated by the addition of streptavidin resin (Pierce) and overnight incubation at 4°C on a rotating platform. Precipitates were then collected by first centrifuging to separate supernatant from resin and then boiling the resin in SDS (2%) lysis buffer with 100 mM DTT. The resulting "surface" fraction was retained at Ϫ80°C until being analyzed. 30 g of protein from each total fraction was run alongside 2 g of enriched surface protein.
Hippocampal Neuron Culture and Immunofluorescence-Hippocampal neurons were obtained and cultured from pups 3 days postnatal, maintained, and immunostained as described previously (24) . All neurons were analyzed at 14 days in vitro. Antibodies against APP (22C11, Millipore), vesicular glutamate transporter (Millipore), spinophilin (Millipore), PSD-95 (Abcam), and binding protein (Abcam) were visualized using Alexa Fluor 488, 568, or 647 secondary antibodies (Invitrogen). Confocal z-stack images were collected using an A-1 confocal microscope (Nikon) at the University of Michigan Microscopy and Image Analysis Laboratory.
Quantification and Statistical Analysis-Immunoblot results were scanned into Adobe Photoshop and measured using ImageJ software. Prism software (version 6, GraphPad) was used for statistical analysis and to generate graphs. Immunofluorescence data were analyzed using ImageJ as described previously (25) .
RESULTS
Fbxo2 has been implicated in the clearance of BACE1 (20) .
To determine whether Fbxo2 facilitates the degradation of other key glycoproteins in the amyloid processing pathway, we expressed constructs encoding full-length APP or a Myc epitope-tagged form of the ␣-secretase ADAM10 in HEK cells together with empty vector or FLAG-tagged Fbxo2 (Fig. 1) . BACE1, already established as an in vitro substrate for Fbxo2, was included as a positive control ( Fig. 1c ). Co-expression of Fbxo2 resulted in a marked decrease in steady-state levels of each co-expressed substrate as measured by Western blot. The antibodies for APP and ADAM10 detect bands for both immature, high mannose glycan-bearing and mature, complex glycan-bearing forms of the protein on Western blot. Levels of APP are significantly decreased when co-expressed with Fbxo2 ( Fig. 1a) . A similar reduction is seen when Fbxo2 is co-expressed with ADAM10, with the immature form of ADAM10 being further reduced ( Fig. 1b) (26) . These ADAM10 results are consistent with the canonical view of the role of Fbxo2 in ERAD, as immature forms of these proteins still carry high 
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mannose glycans (the major ligand for Fbxo2), which are later processed to complex glycans in the Golgi apparatus.
As Fbxo2 is a brain-enriched protein (27), we next sought to determine whether these APP pathway components, identified here as Fbxo2 substrates in heterologous, non-neuronal cell systems, are also physiologically relevant in neuronal cells. Cultured neurons isolated from wild-type and Fbxo2 knock-out mice generated previously in our laboratory offer three distinct advantages for addressing this question. First, we are able to measure endogenous proteins without the confounding factor of transient overexpression; second, media collected from cultures provide a feasible and practical way to assess the processing of APP into its secreted cleavage products; and third, neurons are more easily visualized in culture than in vivo, allowing for a better assessment of any potential differences in the localization of APP. Primary cultures of hippocampal neurons were prepared from mice at postnatal day 3. Cultured neurons lacking Fbxo2 differed markedly from wild-type neurons in several respects. Compared with levels in wild-type cultured neurons, total APP levels were elevated in Fbxo2 Ϫ/Ϫ neurons as revealed by Western blot (Fig. 2a ). ELISA assessment of media collected from Fbxo2 Ϫ/Ϫ neuronal cultures revealed more than double the levels of secreted A␤40, A␤42, and sAPP␣ (Fig. 2b) . The ratio of A␤40 to A␤42 remained unchanged, with both metabolites increasing proportionately ( Fig. 2b ). Neither ADAM10 nor BACE1 levels differed between wild-type and Fbxo2 knockout neurons (data not shown).
We next examined the distribution of the increased APP observed in Fbxo2 null neurons ( Fig. 3 ). Quantitative immunofluorescence showed that although APP levels were higher throughout Fbxo2 Ϫ/Ϫ neurons, APP accumulated to a greater degree in dendrites than in soma (Fig. 3, a and d) . Immunore-FIGURE 2. Dysregulated APP processing and levels in Fbxo2 ؊/؊ neurons. a, increased APP in cultured Fbxo2 null neurons. Cultured hippocampal neurons from p3 wild type and knock-out pups, 14 days in vitro, were lysed, and APP levels were measured by Western blot. Representative results from four dishes per genotype are presented (left panel). A significant increase in APP was observed and quantified (right panel); three replicates from different culture preparations were measured to control for potential prep-to-prep differences. b, loss of Fbxo2 results in a doubling of secreted APP cleavage products. Neuronal culture medium was exchanged and then collected 4 days later and assessed by ELISA for secreted APP products. Each measured product was approximately doubled in the knock-out neurons, with the ratio of A␤ 42 to A␤ 40 remaining unchanged (lower left panel). As in a, representative quantification of quadruplicate samples from a single preparation are presented; three different preparations showed similar results. Error bars, S.E. * and ***, p Ͻ 0.001; ****, p Ͻ 0.0001 (unpaired t test).
active APP puncta were observed along dendrites with greater frequency and size than in wild-type controls. Consistent with previous studies describing APP trafficking to synapses (28), APP puncta in dendrites colocalized with the pre-and postsynaptic markers vesicular glutamate transporter and spinophilin (Fig. 3, a and b) . Remarkably, the amount of synaptic markerpositive puncta, additionally measured with the postsynaptic scaffolding protein PSD95, was significantly increased in neurons lacking Fbxo2 (Fig. 3, c and d) . BiP, an ER-resident protein whose accumulation is indicative of ER stress, was not increased in knock-out neurons (Fig. 3d ). Caspase-3, a cytosolic protein whose cleavage is believed to play a role in apoptosis, was also assessed by Western blot (Fig. 3d) . No difference in the level of uncleaved caspase-3 was observed between wild-type and knock-out neurons, and no cleaved caspase-3 was detected for either genotype. These results suggest that the loss of Fbxo2 does not cause pathological consequences for neuronal health and does not universally affect protein expression.
Having identified several changes in APP handling in cultured neurons, we next assessed these changes in the intact brain. Examination of brains from wild-type and Fbxo2 knockout mice at several ages revealed age-dependent differences. We observed a significant increase in endogenous APP levels in Fbxo2 knock-out mouse brain at 3 and 6 months of age as measured by Western blot from whole brain lysates (Fig. 4a) . The time course of this difference is consistent with the onset of murine Fbxo2 expression during the first month of age. We next sought to visualize the difference in APP expression between wild-type and knock-out mice. In cortex at 6 months, anti-APP immunofluorescence confocal imaging revealed that FIGURE 3. Loss of Fbxo2 results in increased APP, altered APP localization, and increased synaptic markers in cultured hippocampal neurons. a, APP is increased and distributed differently in Fbxo2 null neurons. 14 Days in vitro hippocampal neurons were fixed, permeabilized, and immunostained for APP and synaptic markers. Representative confocal images of wild-type and knock-out neurons reveal increased overall APP compared with wild type controls, with a greater increase in dendritic than somatic immunoreactivity. APP-immunoreactive puncta (arrows in a and b) were observed to co-localize with the presynaptic marker vesicular glutamate transporter (Vglut) (a) and with the postsynaptic marker spinophilin (b). Levels of vesicular glutamate transporter, spinophilin, binding protein (BiP), and PSD-95 (c) were also assessed and quantified (shown in d). Caspase-3 (d) was measured by Western blot as in Fig. 2 . Quantification of immunofluorescence was performed in six to eight neurons per genotype. For somatic and dendritic analysis, three to six dendritic segments of 100 m per neuron and six neurons per genotype were measured. Error bars, S.E. **, p Ͻ 0.01; ***, p Ͻ 0.001; (unpaired t test). Scale bar, 25 m.
both the cell bodies of cortical neurons and the surrounding neuropils are more strongly labeled in knock-out cortex than in control cortex (Fig. 5a ). Image brightness was equally increased (Fig. 5c ) to help visualize the comparatively less bright staining in wild-type mice. Whereas in vitro, we observed a shift toward higher dendritic expression, in vivo, we observe increased ELISA experiments were used to assess whether the increased steady-state levels of APP seen in Fbxo2 knock-out mice corresponded to an increase in cleavage products. No change in the amyloid cleavage products A␤42 and sAPP␣ was observed at the level of whole brain (Fig. 4, b and c) . However, because amyloid cleavage products are rapidly removed from the brain through enzymatic degradation, glial uptake, and cerebrospinal fluid clearance (29) , attempts to quantify secreted amyloid cleavage products by measuring brain tissue lysates can be confounded by these factors, making it difficult to gauge fully the extent of the role played by Fbxo2 in brain tissue. No differences were observed at three or six months of age in the levels of APP C-terminal fragments C99, C89, or C83 (Fig. 4d ). It is possible that knock-out mice have no difficulty limiting these fragments to appropriate levels.
The previous study linking Fbxo2 to the regulation of BACE1 employed transient shifts in Fbox2 levels, either through heterologous cell expression or overexpression in mice (20) . As shown earlier in Fig. 1 , we similarly used transient expression to demonstrate facilitated degradation of BACE1 by Fbxo2 and to identify ADAM10 as an additional Fbxo2 substrate. When Fbxo2 is constitutively knocked out in the mouse, however, we did not detect any alteration in endogenous BACE1 or ADAM10 levels (Fig. 4, e and f) .
Fbxo2 is expressed throughout the brain, but at higher levels in forebrain and midbrain than in hindbrain (27) . AD preferentially affects specific brain regions, including the hippocampus (30) . To test whether the effects of Fbxo2 knock-out on APP pathway components were more pronounced in this diseaserelevant region, hippocampi were dissected and similarly assessed for APP levels. At three and six months of age, there was no statistical difference in total APP observed between Fbxo2 ϩ/ϩ and Fbxo2 Ϫ/Ϫ in the hippocampus (Fig. 6a ). Consistent with our Western blot data, anti-APP immunofluorescence of the hippocampus did not reveal a significant difference between wild-type and knock-out mice (Fig. 6e ). There was, however, a significant increase in hippocampal levels of A␤42 at 3 months of age in Fbxo2 Ϫ/Ϫ mice and a non-statistically significant trend toward increased sAPP␣ (Fig. 6c) . The observation that the whole brain of Fbxo2 Ϫ/Ϫ mice carries more uncleaved APP (Fig. 4a) , whereas the hippocampus carries more APP cleavage products may reflect regional differences in neuronal activity and amyloid processing, as described previously (15) . In such a scenario, we might expect to see this change reflected in increased levels of C-terminal fragments of APP in Fbxo2 knock-out mouse hippocampus. We did not, however, observe differences in the levels of C-terminal fragments between wild-type and knock-out hippocampi at 3 or 6 months (Fig. 6d) , despite a level of amyloid-␤ in knock-out hippocampus at 3 months, which is 50% greater than it is in wildtype hippocampus. Taken together, these data suggest that there are region-specific responses to the effects of eliminating Fbxo2.
A␤ is primarily generated from APP that has been endocytosed from the cell surface and transported to the trans-Golgi network where it is cleaved by BACE1 (11, 31, 32) . Alterations to surface APP levels have been shown to affect A␤ production (31, 33) . To determine whether the increase in amyloid cleavage products observed in 3-month-old hippocampus corresponds to a decrease in surface APP, we performed in vivo biotinylation of acute hippocampal slices from three-month old mice, a technique that allows one to estimate the cell surface versus intracellular pools of APP or other protein of interest. In contrast to the lack of change in total hippocampal APP, the amount of surface APP in the hippocampus of Fbxo2 Ϫ/Ϫ mice was indeed significantly decreased compared with wild-type controls (Fig.   FIGURE 5 . Increased levels of APP in Fbxo2 ؊/؊ brain. APP immunoreactivity is increased in the cortex of Fbxo2 null mice. a, confocal microscopy shows increased levels of APP in Fbxo2 Ϫ/Ϫ mice (column a, lower row) compared with wild-type mice (upper row). From left to right, results from cortices are shown at 10ϫ (a) and then in the denoted inset at 60ϫ with a 2ϫ optical zoom, at relatively lower (b) and higher brightness (c). d, a heat map at the far right illustrates differences in pixel intensity. Scale bar, 50 m (a) and 20 m (b).
7b). The transferrin receptor was used as a control glycoprotein known to have some surface expression, and no difference in the amount of surface transferrin receptor was observed between genotypes. These results suggest that although total levels of APP appear unaltered in the hippocampus of Fbxo2 knock-out mice, the handling of APP with respect to its surface localization is significantly different, which may reflect increased processing into A␤.
DISCUSSION
Here, we describe a broader role for Fbxo2 than previously recognized in handling glycoprotein turnover relevant to APP processing. The constant demand for newly produced APP in neurons requires optimal protein quality control, and ERAD provides an effective means of clearing unwanted, immature glycoproteins still bearing high-mannose glycans. As a brainenriched ubiquitin ligase adaptor subunit, Fbxo2 binds to such glycans on immature glycoproteins and facilitates their ubiquitin-dependent degradation. In the current study, we combined cell-based and animal models to show that Fbxo2 contributes to the regulation of both the steady-state levels of APP and its cleavage products.
Our results in cell-based, transient expression models support previous work (20) implicating Fbxo2 in handling BACE and extend Fbxo2 activity to two other critical amyloid pathway glycoproteins, APP and ADAM10. There are, however, important differences between our cell-based findings and our results in Fbxo2 knock-out mice that underscore the importance of FIGURE 6. Unchanged APP levels, but increased amyloid-␤, in Fbxo2 ؊/؊ hippocampus. a, loss of Fbxo2 does not alter full-length APP levels in the hippocampus. Hippocampi from wild-type and Fbxo2 null mice were dissected, lysed, and examined by Western blot at 3 and 6 months of age. Representative immunoblots from 6 months are shown (left panel) and quantified in three animals per genotype at 3 and 6 months (right panel). b, APP cleavage products are increased in the hippocampus of Fbxo2 null mice. ELISAs show a significant increase in A␤42 (b) at three months (3 mos) and suggest a nonstatistically significant increase in sAPP␣ (c). Results from three mice per genotype per time point were quantified. Error bars, S.E. *, p Ͻ 0.05 (unpaired t test). d, APP C-terminal fragment levels were also measured in triplicate at 3 and 6 months by Western blot. Results from the 3-month time point are shown (left panel) and quantified relative to loading control and total APP for both time points (right panel). e, APP immunoreactivity is unaltered in the hippocampus of Fbxo2 null mice. Confocal microscopy reveals no difference in the levels of APP in Fbxo2 Ϫ/Ϫ mice (right panels) compared with wild-type mice (left panels). From left to right, results from the CA1 region of hippocampi are shown at 10ϫ and then in the denoted inset at 60ϫ with a 2ϫ optical zoom. MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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combining in vitro and in vivo studies when seeking to define the role of a ubiquitin pathway protein such as Fbxo2. Overexpression in transient systems may elicit protein behaviors and protein-protein interactions not readily observed under normal, or more physiological, conditions. The fact that we do not see changes in BACE1 in Fbxo2 knock-out mice does not necessarily conflict with the previously findings by Gong et al. (20) . Their studies employed transient changes to Fbxo2 levels in vivo and in vitro, and similarly, our transient overexpression studies in heterologous cell models strongly support the view that Fbxo2 facilitates the degradation of BACE1. The same is true for our transient expression studies showing Fbxo2 activity toward ADAM10. Under more physiologic conditions with endogenous ADAM10 and BACE1, however, no such effects are observed in Fbx02 knock-out mice. We suggest that the lifelong deprivation from Fbxo2 occurring in Fbxo2 Ϫ/Ϫ mice expressing endogenous levels of BACE1 and ADAM10 may elicit redundant cellular mechanisms by which these proteins are regulated, resulting in only a partial effect of Fbxo2 absence on APP levels and no observed effect on BACE1 or ADAM10 levels in vivo. In the future, conditional Fbxo2 knock-out models could be utilized to address the discrepancy between previous in vitro data and the in vivo data presented here.
Our results suggest APP may be processed more extensively in Fbxo2 Ϫ/Ϫ hippocampus than in wild-type hippocampus, as there is an increased amount of A␤ compared with cortex with a decreased amount of total APP. In opposition to this idea, we were unable to detect an increase in APP C-terminal fragments in cortex or hippocampus at 3 or 6 months. Although this seems counter-intuitive for the time point at which increased A␤ is observed, the processes by which these fragments are cleared are not entirely understood, although they may involve autophagic mechanisms. In Fbxo2 mice, presumably any excess in C-terminal fragments above the normal amount found in wild-type mice are cleared through a non-Fbx02 dependent manner as they no longer contain glycans.
There is brain region selectivity regarding the effect of Fbxo2 absence on the steady-state levels of APP as revealed by immunohistochemistry. In the cortex, imaging reveals strong staining for APP within neurons and throughout the neuropil. In the hippocampus, however, the signal is markedly less than that observed in the cortex, consistent with our finding that in Fbxo2 Ϫ/Ϫ mice, full-length APP is increased in whole brain but not in the hippocampus per se. With no apparent difference in the level of Fbxo2 expression between cortex and hippocampus of wild-type mice, it remains to be determined why the loss of 
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this protein would result in differing effects on a substrate in distinct brain regions.
Given the absence of changes to BACE1 and ADAM10 levels in Fbxo2 knock-out mice, the apparent increased cleavage of APP in the hippocampus of knock-out mice becomes more difficult to explain. If, in the absence of Fbxo2, APP bypasses ERAD and transits from the ER to the cell surface where it is subsequently endocytosed and cleaved, then we would anticipate that the ratio of surface to total APP might remain the same while seeing an increase in total cleavage products. Essentially both APP and its cleavage products would increase, as observed in our cultured hippocampal neurons. In Fbxo2 knock-out hippocampal neurons, however, the intracellular pool of APP and the cleavage products are both increased, presumably at the expense of the surface pool. What might cause the surface pool of APP to become more rapidly depleted in Fbxo2 knock-out mice remains to be determined. Conceivably, the absence of Fbxo2 drives excess APP to the neuronal cell surface, but into a different subregion of the plasma membrane or in an altered conformational state that allows it to be endocytosed and cleaved at a greater rate. Further analysis of Fbxo2 Ϫ/Ϫ mice may reveal whether, for example, there is preferential distribution of surface APP to lipid rafts, allowing for more rapid processing into A␤ (34) . Alternatively, the loss of Fbxo2 may permit the continued existence of a pool of improperly complexed or folded APP, which is not properly trafficked to the surface and is preferentially retained in cortical neurons over hippocampal neurons.
It is important to recognize that Fbxo2 may have functions beyond ERAD. It is expressed throughout neurons, including near synapses, far from the bulk of ER in neurons. The only known binding preference of Fbxo2 is for high mannose N-linked glycans on glycoproteins, which traditionally are modified during passage through the secretory pathway, losing their high mannose status in the process (35) . There is, however, precedence for cell surface expression of high mannose forms of another known Fbxo2 substrate, the NMDA receptor subunit GRIN1 (36): all GRIN1 in neurons is susceptible to cleavage by endoglycosidase H, which cleaves high mannose N-linked glycans but not the complex glycans present on most glycoproteins after processing in the Golgi apparatus (37) . Accordingly, even at the synaptic membrane GRIN1 remains a potential substrate for Fbxo2. The post-translational modifications to which APP is subjected are complex, and it remains uncertain whether immature (i.e. high mannose glycan-bearing) forms of APP exist in the cell beyond the ER. If APP retains high mannose forms of N-linked glycans on the cell surface, then Fbxo2 could play a role in regulating the endocytosis of APP through ubiquitination. An effect on differential trafficking of APP, namely, the retention of APP in specific cellular compartments, has been attributed to ubiquilin 1 (UBQLN1): polyubiquitination by UBQLN1 sequesters APP in the Golgi (38) . Given this observation, we examined the relative distribution of APP in ER and Golgi of neurons in Fbxo2 Ϫ/Ϫ and wildtype mice and found no differences in the pattern of expression (data not shown). Although these data suggest that altered sequestration of APP in the ER and Golgi does not occur, sequestration elsewhere in the secretory pathway or other vesicular bodies cannot be ruled out.
Our analysis of cultured hippocampal neurons suggests that neuronal connectivity is altered in the absence of Fbxo2. The marked changes in number and intensity of synaptic puncta in Fbxo2 knock-out neurons are especially intriguing. It is unlikely these data represent a universal increase in protein expression in the absence of Fbxo2, as the levels of two tested proteins that are not expected to interact with Fbxo2, binding protein, and caspase-3, are unchanged. However, whether these additional synapses function normally remains unknown. The presence of presynaptic terminals directly opposed to these postsynaptic markers suggests they are not "silent" synapses. But there may be other compensatory mechanisms by which these additional synapses are regulated. Future studies will be required to examine the composition and contribution of these synapses. If these additional synaptic connections are indeed active, their activity may feed back onto APP processing. Intriguingly, both A␤ and sAPP␣ possess dose-dependent neuromodulatory functions (14) .
It is somewhat puzzling that cultured neurons from Fbxo2 Ϫ/Ϫ mice maintain more synapses in the presence of elevated A␤, which has been shown to eliminate synapses (4). It is not known how many substrates Fbxo2 has, but with regard to synaptic dynamics two may be of particular importance: ␤-integrin 1 (16) and GRIN1 (36) . ␤-Integrin 1 is a membrane receptor that supports cell adhesion and responds to cues from surrounding cells. GRIN1 mediates the formation of NMDA receptors, which have profound effects on plasticity and structural change at the synapse. Both of these Fbxo2 substrates can significantly affect synapse formation, assembly, and maintenance. Therefore, we consider it unlikely that all or even most of the synaptic changes in Fbxo2 null neurons and brain can be attributed to altered APP alone.
In summary, our findings implicate Fbxo2 as a potentially important upstream regulator of key elements of neuronal health and function, APP processing and synaptic connectivity, that are also central to the pathogenesis of AD and perhaps other neurodegenerative diseases.
